Abstract Synthetic lethal therapeutic strategy using poly(adenosine diphosphate [ADP]-ribose) polymerase (PARP) inhibitor olaparib in carriers of BRCA1 or BRCA2 mutation has shown promise in clinical settings. Since \5 % of patients are BRCA1 or BRCA2 mutation carriers, small molecules that functionally mimic BRCA1 or BRCA2 mutations will extend the synthetic lethal therapeutic option for non-mutation carriers. Here we provide proof of principle for this strategy using a BRCA1 inhibitor peptide 2 that targets the BRCT(BRCA1)-phosphoprotein interaction and mimics the M177R/K BRCA1 mutation. Reciprocal immunoprecipitation and immunoblotting of BRCA1 and Abraxas was used to demonstrate inhibitor 2 targets BRCT(BRCA1)-Abraxas interface. Immunostaining of cH2AX, cell cycle analysis and homologous recombination (HR) assays were conducted to confirm that inhibitor 2 functionally mimics a chemosensitizing BRCA1 mutation. The concept of synthetic lethal therapeutic strategy with the BRCA1 inhibitor 2 and the PARP inhibitor Olaparib was explored in HeLa, MDA-MB-231, and HCC1937 cell lines. The results show that inhibition of BRCA1 by 2 sensitizes HeLa and MDA-MB-231 cells but not HCC1937 to Olaparib mediated growth inhibition and apoptosis. These results provide the basis for developing high affinity BRCT(BRCA1) inhibitors as adjuvants to treat sporadic breast and ovarian cancers.
Introduction
Synthetic lethal therapeutic strategy exploits a condition in which cells can live with either 1 of 2 pathways but not without both. Among others the cells require functional PARP to repair single-strand breaks and functional BRCA to repair double-strand breaks. Cells will survive if either PARP or BRCA is disabled. However, they will die if both pathways are disabled. This observation has been effectively translated to the clinical setting where BRCA mutation carriers responded well to PARP inhibitors [1] . Since [95 % of breast and ovarian cancer patients carry the wildtype BRCA, we hypothesized that small molecule inhibitors that functionally mimic chemosensitizing BRCA mutations will facilitate the extension of the synthetic lethal therapeutic option (Fig. 1a) to the larger patient population.
Towards this goal, using a variety of biophysical techniques we reported the identification of a nanomolar BRCA1 binding tetrapeptide 1 [2, 3] . Structural studies show that the tetrapeptide binds to the phosphoprotein (Abraxas/BACH1/CtIP) binding site on the carboxy terminal domains of BRCA1(BRCT) and mimics the M1775R/K BRCA1 mutant [4, 5] . This is a proof of principle study. Here we demonstrate that in cells inhibition of BRCA1 and treatment with PARP inhibitors leads to synthetic lethality. For this study we used a BRCT(BRCA1) inhibitor peptide 2, which is a cell permeable version of 1. We characterize inhibitor 2 in a panel of cellular assays to show that 2 (i) inhibits Abraxas binding to BRCT (BRCA1); (ii) inhibits homologous recombination (HR); (iii) sensitizes cells to IRinduced DNA damage; (iv) releases IR-induced G2/M arrest and (v) sensitizes wild-type BRCA1 containing cell lines (MDA-MB-231 and HeLa) to PARP inhibitor (Olaparib) but not a truncated BRCA1 containing cell line (HCC1937). The results suggest the Abraxas/BACH1/CtIP binding site on BRCT(BRCA1) is a potential target for therapeutic development. High affinity BRCT(BRCA1) inhibitors will facilitate the extension of the synthetic lethal therapeutic option to all breast cancer patients.
Materials and methods

Cell culture and reagents
The cell lines were obtained from ATCC (Rockville, MD). MCF7 cells were maintained in DMEM containing 10 % fetal bovine serum. HCC1937 cells and HeLa cells were maintained in RPMI 1640 containing 10 % fetal bovine serum. The cells were maintained in a 5 % CO 2 atmosphere at 37°C. Details for the treatment of cells, preparation of cell lysate, immunoprecipitation (IP), western blotting and immunofluorescence can be found in the supplementary material.
Flow cytometric analysis of cell cycle MCF7 cells in log phase treated with and without 100 lM peptide 2 along with or without IR (at 15 Gy). The cells were incubated for 24 h, harvested and washed in PBS. Cells then were fixed in 70 % ice-cold ethanol, stained with propidium iodide (PI) and analyzed for DNA content using HR assay U2OS-DR cells with an integrated reporter construct for HR-mediated repair of GFP and pCBASce plasmid were kindly provided by Drs. Maria Jasin and Koji Nakanishi (Memorial Sloan-Kettering Cancer Center, New York, NY). U2OS-DR cells [6] were seeded at 2 x10 5 per well and incubated overnight in a 6-well plate. Transfection of 4 lg of an I-SceI expression vector pCBASce [7] or an empty vector was performed with 10 ll of Lipofectamine 2000 reagent (Invitrogen). After 4 h of incubation, the transfection mixture was removed and the cells were incubated for 2 h in a medium with 100 lM peptide 2. The medium with the peptide was removed and the cells were incubated in a fresh medium for additional 48 h. The percentage of GFP-positive cells was quantitated by flow cytometric analysis. Results were the average of data obtained from three or four independent experiments.
Cell viability assay and caspase 3/7 activity assay Cells were seeded in clear bottom white 96-well plates at a density of 2,500 cells/well and allowed to attach overnight. Cells were then treated with the indicated compounds and assayed for viability over 3 days using AlamarBlue (Ab Serotec). At indicated time points, 10 % of AlamarBlue reagent was added to the cells and incubated for an additional 3 h. Fluorescence was measured using a SpectraMax M5 plate reader (Molecular Devices, Inc.) at ex/em 544/590 nm. Cells were also assayed for apoptosis using Caspase 3/7 activity using the caspase-Glo reagent (Promega Corp) after a 48 h-incubation. Luminescence was measured and data was normalized for cell number using AlamarBlue.
Data processing and statistical analysis
P-values were determined using one way ANOVA in SigmaPlot and values \0.05 was considered significant.
Results
Inhibitor 1 and 2 inhibit BRCT(BRCA1)-FITC-bApSPTF binding
Inhibitor tetrapeptide 1 (Ac-pSPTF-CO 2 H) and inhibitor 2 (Ac-R 10 G-pSPTF-CO 2 H) were titrated into a mixture of BRCT(BRCA1) and FITC-bA-pSPTF (4 and 0.1 lM), incubated for 15 min and fluorescence polarization was measured. The K i values determined through curve fitting the data are 1 = 0.23 ± 0.06 lM and 2 = 0.40 ± 0.07 lM (Fig. 1b) .
Inhibitor 2 inhibits BRCA1-Abraxas interaction
HeLa cells were treated with increasing concentrations (0, 12.5, 25, 50 and 100 lM) of inhibitor 2 in the presence or absence of IR (10 Gy). The cells were lysed, the cytoplasmic and nuclear fractions were separated and subjected to reciprocal IP and immunoblotting (IB) with BRCA1 and Abraxas antibodies (Fig. 1c) . The bottom panel shows reciprocal IP and IB with BRCA1 and Abraxas antibodies of nuclear fractions subjected to IR with increasing concentrations of 2. Western blot analyses showed that inhibitor 2 had no effect on BRCA1-Abraxas interaction in the cytoplasm in the presence or absence of IR and in the nucleus in the absence of IR (Fig. 1c) . However, in IRtreated nuclear fractions, inhibition of BRCA1-Abraxas interaction by 2 was observed (Fig. 1c) .
Inhibitor 2 attenuates HR U2OS-DR cells with an integrated reporter construct for HR-mediated repair of GFP were subjected to inhibitor 2 [6, 7] . The HR-mediated repair was measured by flow cytometry (Fig. 2a) . We observed a *40 % reduction in the HR activity in the presence of inhibitor 2.
Inhibitor 2 sensitizes cells to IR-induced DNA damage
HeLa cells were subjected to increasing doses of IR (0-20 Gy) in the presence or absence of 2. After 30 min, the cells were fixed and stained for cH2AX, which is a biochemical marker for DNA damage (Fig. 2b) . We observed that inhibitor 2 by itself did not result in any detectable DNA damage by cH2AX staining as compared to vehicle treated cells. However, cells treated with IR and inhibitor 2 show stronger staining with cH2AX antibody. Cells positive to cH2AX staining were counted and the percentage of cells are summarized in Table 1 .
Inhibitor 2 releases IR-induced G2/M arrest MCF7 cells were treated with and without IR and/or inhibitor 2 (100 lM) (Fig. 3) . Mock cells have about 25.5 ± 0.318 % cells in G2/M phase. When treated with inhibitor 2, cells show a similar percentage of 23.9 ± 2.23 % in G2/M phase. Cells accumulated in the G2/M phase in response to IR (54.8 ± 2.79 %). Cells treated with both IR and 2 showed fewer cells accumulated in the G2/M phase (40.3 ± 1.80 %) when compared to IR alone treated cells.
Inhibitor 2 sensitizes cells carrying wild-type BRCA1 to PARP inhibitor Olaparib HeLa, MDA-MB-231, and HCC1937 cells were treated with 50 lM inhibitor 2, 25 lM Olaparib and the combination and cell growth was monitored over time (Fig. 4a) . We observed a synergistic inhibition of growth in HeLa and MDA-MB-231 cells but not in HCC1937 cells.
HeLa, MDA-MB-231, and HCC1937 were treated with 50 lM inhibitor 2, 25 lM Olaparib and the combination. Caspase 3/7 activity was used as a measure of apoptosis in these cells. We observe a synergistic effect in HeLa and MDA-MB-231 cells and not in HCC1937 cells in the apoptosis study (Fig. 4b) .
Discussion
BRCT(BRCA1) domains are phosphoprotein-binding modules and tetrapeptides pSXXF are the minimal unit required for BRCT(BRCA1) binding [2-5, 8, 9] . We conducted a systematic structure activity relationship study and reported the identification of a tetrapeptide 1 (AcpSPTF-CO 2 H) with nanomolar binding affinities for BRCT(BRCA1) [3] . Attempts to use peptide 1 for cellular studies failed due to permeability issues associated with DNA damage was induced by increasing doses of IR in the presence (10 lM) and absence of inhibitor 2. DNA damage was assessed by cH2AX staining and DAPI was used to stain the nucleus. The bar chart on the right shows quantification assay. Cells were treated with inhibitor 2 at 50 lM, Olaparib at 25 lM and combination at these concentrations for 48 h and caspase 3/7 activity was measured. *P \ 0.05 and **P \ 0.005
Breast Cancer Res Treat (2012) 134:511-517 515 negative charges on the phosphate group and the carboxylate at physiological pH. The use of a poly-arginine tag to deliver cargo into cells is a well-accepted strategy [10] . Therefore, we generated inhibitor 2 (Ac-R 10 G-pSPTF-CO 2 H) which has a poly-arginine sequence tagged to the N-terminus of peptide 1. Competitive fluorescence polarization studies with BRCT(BRCA1) showed that both 1 and 2 had equivalent K i values. This indicates that the tag (R 10 G-) on inhibitor 2 does not affect binding to BRCT(BRCA1) (Fig. 1b) [11, 12] . To determine if inhibitor 2 targets the BRCT(BRCA1) in a cellular system, we carried out reciprocal IP and IB studies using BRCA1 and Abraxas antibodies. Western blot analyses showed that inhibitor 2 only affects BRCA1 -Abraxas interaction, in the nuclear fractions and in the presence of IR. This demonstrates the selectivity of inhibitor 2 for the BRCT(BRCA1)-phosphoprotein interface. This suggests inhibition of the BRCT(BRCA1) domains by inhibitor 2.
A recombinant substrate DR-GFP was used in a cellbased double-strand break (DSB) repair assay [13] . DR-GFP is composed to two inactive alleles of GFP gene in a single locus in the genome. One of the GFP genes, Sce-GFP, is mutated to contain the recognition site for the rarecutting I-SceI endonuclease. These substituted base pairs also generate two in-frame stop codons. Downstream of SceGFP gene is the 812-bp internal GFP fragment (iGFP), which also does not produce an intact GFP. A DSB is introduced in SceGFP gene by expressing I-SceI by transient expression. iGFP gene acts as a donor of homologous sequence to the broken SceGFP gene. A successful HR event results in the expression of intact GFP protein and GFP-positive cells are quantified by flowcytometry (Fig. 2a  left) .
Genetic knock down of BRCA1 results in partial inhibition (*60 %) of HR [14] . To determine the effect of inhibitor 2 on HR we conducted the same experiment with and without 2 [6] . The observation of a *40 % reduction in the HR activity in the presence of 2 suggests that inhibitor 2 blocks HR activity by binding to the BRCT(BRCA1) and functionally mimics the genetic studies (Fig. 2a) . Since inhibitor 2 perturbs HR, we speculated that inhibitor 2 will sensitize cells to IR-induced DNA damage. Indeed we observe a synergistic increase in the cH2AX foci in cells treated with the inhibitor 2 and IR when compared to individual treatments (Table 1 and Fig. 2b) . Together, these results suggest that inhibitor 2 sensitizes cells to DNA damage by binding to BRCT(BRCA1) and blocking HR.
Knock down studies of the BRCT(BRCA1) and its binding partners using siRNA established that the BRCT(BRCA1)-phosphoprotein interactions regulate G2/ M checkpoints in response to DNA damage [9, [15] [16] [17] [18] .
This led us to hypothesize that inhibition of BRCT(BRCA1) by inhibitor 2 in response to DNA damage will result in G2/M checkpoint dysfunction. As expected, cells accumulated in the G2/M phase in response to IR [19] and pretreatment with inhibitor 2 followed by IR showed a smaller percentage of cells in G2/M phase. This suggests that inhibition of BRCT(BRCA1)-phosphoprotein interactions by 2 results in the release of the IR-induced G2/M accumulation. Together these studies suggest that inhibitor 2 treated cells functionally mimic BRCA1 knock down.
The use of PARP inhibitors in BRCA mutation carriers has received a lot of attention in recent years [20, 21] . Since inhibitor 2 treated cells behave like BRCA1 knock down cells, we hypothesized that inhibitor 2 will sensitize cells carrying wild-type BRCA1 to PARP inhibitors. We opted to use Olaparib a PARP inhibitor [22] that is in clinical trials to evaluate synergistic growth inhibition and apoptosis with 2. We observed no growth inhibitory effects in cells treated with increasing concentrations up to 100 lM of 2 (data not shown). We also observed precipitation of Olaparib at higher than 25 lM concentrations. Therefore, we subjected HeLa, MDA-MB-231, and HCC1937 cells with 50 lM inhibitor 2, 25 lM Olaparib and the combination and cell growth was monitored over time (Fig. 4a) . Since inhibitor 2 does not inhibit cell growth by itself we are unable to determine the combination index for this study. The observation of a synergistic inhibition of growth in HeLa and MDA-MB-231 cells but not in HCC1937 cells is consistent with our observations in the functional assays as HCC1937 cells have a truncated BRCA1 and inhibitor 2 will have no effect.
To explore if the synergistic effects extends to the induction of apoptosis we carried out an experiment using caspase 3/7 activity as a read out for apoptosis. Only HeLa and MDA-MB-231 cells showed synergistic effects in the apoptosis study (Fig. 4b) . Together our results provide proof of concept that targeting BRCT(BRCA1)-phosphoprotein interface is a viable synthetic lethality therapeutic strategy. The cell-based studies were carried out with micromolar concentration of inhibitor 2. The micromolar concentrations were necessary because it is well known that peptides are easily degraded and have short half-lives. These studies highlight the need for high affinity binders of BRCT(BRCA1) that are stable in a cellular matrix with longer half-lives [23] . We are currently working to address this issue and results from these studies will be reported in due course.
Synthetic lethality has been effectively exploited to treat BRCA mutation carriers with PARP inhibitors. Results from the studies presented here indicate that small molecule inhibitors of the BRCT(BRCA1)-phosphoprotein interface will enable the extension of this therapeutic strategy to non-BRCA mutation carriers.
